Abstract -We examine the problem of designing complex, equal energy, signal constellations for the noncoherent additive white Gaussian noise communication channel. We derive an asymptotic performance criterion that may be used as a constraint in building correlated signals set for use with the maximum likelihood noncoherent detector. We present an iterative update design procedure for obtaining bandwidth-efficient signal sets under a constraint on the dimension of the signal space.
I. INTRODUCTION
On noncoherent communication channels, orthogonal multi-pulse modulation (OMM) is typically employed wherein the user transmits one of M orthogonal signals during each baud interval [l]. The most common implementation of OMM is frequency shift-keying (FSK). The chief advantage of OMM is the simple implementation (envelope detection) of the receiver. The major drawback to OMM is its poor spectral efficiency. Non-orthogonal multi-pulse modulation (NMM) combats this drawback by allowing correlation among the signals. Assuming equi-probable symbols, the optimum detector selects the signal that maximizes the magnitude of its inner product with the received signal:
This detector has a probability of error which is asymptotically a monotonic function of the largest magnitude of the cross-correlation coefficient p = maxm+l /h,*hll. Define the signal correlation matrix R with R,I = hm*hl.
We formulate the problem of designing a bandwidth-efficient modulation scheme purely in terms of R as follows:
Problem Statement: Given N E N and 0 5 p < 1, find the largest A4 E N for which the corresponding R E C M x M satisfies C1: diag(R) = I, C2: IRi,JI 5 p for i # j, C3: R 2 0, C4: rank(R) 5 N . The noncoherent signal set is then formed (nonuniquely) from the eigen-decomposition of R, R = UAU*, via H = A'/'U*.
SUCCESSIVE UPDATES OF THE CORRELATION MATRIX
We consider a successive update procedure whereby a matrix Rk satisfying Cl-C4 is updated with a vector x via
with Rk+l also satisfying Cl-C4. It tums out that we can guarantee that Rk+l is positive semidefinite if x*R$x < 1, and that the rank of Rk+l is equal to that of Rk when this condition is met with equality. In our designs, we started with a two-dimensional R I , and successively added signals until the constraint could not be met with equality. At this point, the rank of the matrix was allowed to grow by one and the process repeated. At each iteration, we maximized the norm, l l~1 1~. under the constraint that max lxkl < p. This is a nonlinear optimization problem and was solved using a modified Fletcher-Powell optimization algorithm employed through the FSQP[2] optimization package.
IV. RESULTS
In Figure 1 , we plot the spectral efficiency (log, M / N ) of our designs versus the SNR-per-bit required to achieve a probability of bit error of
For the NMM designs, we held the dimensionality, N , fixed and varied the maximum cross-correlation, p. For comparison, we also plot the spectral efficiencies of coherent PAM and QAM modulation as well as the capacity curve for the coherent channel. We also plot the spectral efficiency of one-sided PAM [3, problem 4.161, a scheme in which a fixed waveform has its energy varied to transmit information. These results show that we can map out new portions of the energy/spectral efficiency plane through our signal designs, and that NMM can be made significantly more bandwidth-efficient than OMM. 
